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Many animals use hoarding as a long-term strategy to ensure a food supply at times of 
shortage. We suggest that long-term scatter hoarders, whose caches are vulnerable to 
potentially high pilferage, should hoard in ways to reduce cache loss. This could be 
achieved by manipulating the density and dispersal patterns of caches to reduce the 
foraging efficiency of pilferers. This study explores the effect of distribution patterns 
on cache loss in the laboratory. We recorded the discovery of food items in different 
dispersal patterns by two bird species: coal tits Periparus ater (a hoarder) and great 
tits Parus major (a non-hoarder).  Hyper-dispersed distributions reduced foraging 
efficiency because both species used systematic local search patterns. This study 
shows that hyper-dispersed distributions would be advantageous to hoarding animals 
to reduce cache loss. 
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Food hoarding is the handling of food to conserve it for future use (Vander Wall 
1990) and many animals use it as a long-term strategy to ensure a food supply at times 
of shortage e.g. in the winter. However, long-term hoarding can only be adaptive if 
the hoarder is more likely than other individuals to recover their own caches 
(Andersson and Krebs 1978). This can be achieved in two ways (ideally used 
simultaneously): the increase of the probability of the hoarder retrieving the food, and 
the decrease of the probability of other animals of finding the same food.  Much 
research has focused on how the hoarding individual can increase its own odds of 
retrieving the items (e.g. Sherry 1984, Brodin 2005). In this study, we focus instead 
on a mechanism to reduce the depletion of caches by thieves.     
For animals that cannot defend a single cache location, scattering the hoards 
around their home range is a strategy that reduces cache loss. For example, the 
survival of fox squirrel Sciurus niger caches tends to decrease with increasing density 
of caches (Stapanian and Smith 1978, 1984). Marsh tits Poecile palustris also hoard 
food at an optimal average density that reduces cache loss (Sherry et al. 1982), and 
willow tit Poecile montana caches in areas with higher cache density disappear more 
quickly than if the overall cache density is lower (Brodin 1993).  But the same 
average density across a relatively large area can still represent different distribution 
patterns.  For a given average density, an animal may hoard its caches in a clustered 
distribution (the presence of one point increasing the probability of finding another 
nearby), a random distribution (the points occurring independently of each other) or a 
hyper-dispersed distribution (the presence of one point decreasing the probability of 
finding another nearby; Dale 1999). Because predictability of cache locations may 
depend on the distribution pattern of the cached items, selection may favour food-
hoarding animals’ use of one distribution pattern over others.   
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Here, we investigate whether there is a type of distribution pattern which 
reduces cache loss. In a recent field study, we showed that more hyper-dispersed 
cache distributions reduce loss to thieves compared to more clustered distributions 
(Male and Smulders 2007a). We have ascribed this effect to the fact that many 
animals’ foraging strategies are adapted to foraging on clustered resources.  However, 
rodents were likely to be the main pilferers in that field study, whereas hoarding 
parids’ caches are often pilfered by other birds (Brodin and Ekman 1994).  Although 
many animals do use local search patterns tactics, such as area-restricted search 
(Tinbergen et al. 1967, Stapanian and Smith 1978, Traniello et al. 1991, Benedix 
1993, Dejean and Benhamou 1993, Keasar et al. 1996, Withers and Harris 1996, 
Munyaneza and Obrycki 1998, Hill et al. 2000, Lode 2000, Leising 2001, Leising and 
Franks 2002), different animals may forage in slightly different ways (e.g. some 
rodents use olfactory cues (Reichman and Oberstein 1977), and some birds can adapt 
their searching strategy to the available food distribution (Dall and Cuthill 1997, Dall 
et al. 1997)). Therefore, it is possible that the cache distribution which reduces loss to 
rodent pilferers is different form the one that would reduce loss to bird pilferers.  
To ensure that these results are relevant to hoarding parids and their most 
likely pilferers, we conducted a complementary study which examined cache loss 
from different distributions of food when the major pilferers were other birds, such as 
conspecific or heterospecific flock mates.  We tested three different distributions in a 
laboratory environment with coal tits Periparus ater (a hoarding species) and great 
tits Parus major (a non-hoarding species) as foragers.  Parids often forage in mixed-
species flocks (Ekman 1989, Hogstad 1989, Kimberly and Morrison 1990, Suhonen 
1993, Dolby and Grubb 1998), so both species typically forage on food hoarded by 
other birds.  As these birds often forage on clustered resources, such as nut drops from 
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trees, berries on hedgerows and groups of insects, we expect their foraging strategies 
to have evolved to be efficient on such distributions.  Therefore, like in our field study 
(Male and Smulders 2007a), a hyper-dispersed distribution would be predicted to 
reduce cache loss because it limits the number of clusters which these foraging birds 
are efficient at finding.   
 
Methods 
Subjects 
We captured twelve coal tits and ten great tits in Northumberland (UK) in Sept 2004 
under an English Nature licence (licence number 20042059).  The birds were caught 
by a qualified ringer using mist nets on private land and were transported in cotton 
holding bags in which they spent a maximum of three hours.  The birds’ ages were 
determined from the moulting patterns of their greater coverts (Svensson 1992).  
Birds born in the Spring/Summer 2004 are referred to as ‘juveniles’ and birds born in 
the Spring/Summer 2003 or before are referred to as ‘adults’.  One adult did not 
consistently forage for food so was released and another died.  Five juvenile and five 
adult coal tits were used, and seven juvenile and three adult great tits.  The birds were 
released in April 2005 in the same area in which they had been caught.  Each species 
was housed in a separate aviary for at least a month before release to ensure that they 
were in a good condition.  The birds maintained their weight and health during 
captivity. 
 
Conditions  
The experiment was run from November 2004 to December 2004.  The birds were 
maintained on a 8.5:15.5 (L:D) photoperiod and at a temperature of between 14° C 
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and 19° C.  During the experiments, the birds were housed individually in cages 
which measured 85.0 cm by 45.5 cm by 95.0 cm (width by depth by height) and were 
located in a room adjacent to the experimental aviary.  They were positioned so that 
the birds always had visual contact with other conspecifics.  Each cage had at least 
four perches and a sliding tray which was cleaned daily.  Birds were caught through a 
hatch in the side of the cage for regular health checks.  Water was available ad libitum 
in a bowl, which was large enough for bathing, and in a dispenser on the side of the 
cage.  The coal tits were fed on a daily diet of four split peanuts, two sunflower seeds, 
three pine nuts, two wax moths, four mealworms and one scoop of EMP/Universal 
bird mix.  The great tits were fed the same daily diet but had whole peanuts, six 
sunflower seeds and no pine nuts.  The coal tits and great tits were deprived of food 
for one hour and one and a half hours respectively before each foraging session.  This 
is consistent with previous studies using species of differing sizes (Suhonen and Inki 
1992). 
 
Aviary 
The birds were tested in an experimental aviary measuring 216 cm by 350 cm by 235 
cm (width by depth by height) and were viewed though a one-way observation 
window from an observation room.  Water was available on a platform in the centre 
of the experimental aviary. 
The birds foraged for food hidden in ‘foraging locations’ which consisted of 
holes above perches in three artificial ‘trees’.  These artificial trees were branches of 
actual trees which had between 8 and 13 foraging locations and were secured in 
concrete bases.  All holes were 0.5 cm in diameter and 1.0 cm in depth.  A perch 5 cm 
in length was positioned below each hole.  Each hole was obscured with lengths of 
 7 
thick string/cord which allowed the bird access but restricted its view of the hole.  
There was coloured tape below each foraging location for identification purposes.   
Our previous observations of the birds indicated that they preferred high sites 
so the number of high foraging locations was increased by suspending 53 wooden 
blocks (with a hole and a perch each) from three concentric rings which were fixed to 
the ceiling of the aviary.  There were 11 foraging locations on the inner ring, 18 on 
the middle ring and 24 on the outer ring.  The distance between rings and between 
foraging locations within a ring was approximately 28 cm.   
 
Training  
The birds were trained to leave the housing cage when a black out cloth covered it and 
the experimental aviary was lit.  The birds were allowed to habituate to the 
experimental aviary by allowing them to forage and eat whilst in the room.  During 
the first training sessions, food was present in all of the foraging locations.  Once the 
birds had discovered that food was located in the foraging locations, only a random 
subset of foraging locations contained food in subsequent training sessions.  The birds 
were also trained to leave the experimental aviary when the lights were extinguished 
in the experimental aviary and the housing cage was lit.  This procedure has been used 
in many experiments before and eliminates handling stress (Clayton and Krebs 1994, 
Shiflett et al. 2003).  The birds received daily training sessions for a two-week period 
until they were readily flying from the housing cage to the experimental aviary and 
back again. Another experiment was performed after the training sessions but before 
this experiment.  
 
Procedure 
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We allowed each bird to forage for food in each of the three different food 
distributions in two replicates.  Two different aviary layouts were used for the 
replicates to ensure that the birds did not learn where food was likely to be located.  
Each layout contained three different trees in different positions in the experimental 
aviary, in addition to the concentric rings with suspended blocks.  We kept the 
average density of each distribution constant as 12 pieces of peanut were hidden 
within the experimental aviary.  A foraging session lasted 45 minutes.  The design 
was within-subject so each bird was exposed to all three distributions in both aviary 
layouts and different birds started with different distributions.   
Truly uniform distributions could not be generated due to the limited number 
and discrete positions of foraging locations.  As such, three random distributions, 
which differed in their dispersion, were used.  For each aviary layout, 200 random 
distributions of 12 nuts were generated on the computer, using the 3-D coordinates of 
the foraging locations within the experimental aviary.  The experimental room was 
divided into quadrats of approximately 1 m
3
.  For each aviary layout, quadrats which 
contained no foraging locations were excluded so in aviary layout one and two, there 
were 15 and 18 quadrats respectively.  For each distribution, the number of nuts in 
each quadrat was counted.  After consideration of Upton and Fingleton’s (1985) 
comprehensive review of the various dispersal measures, the Index of Dispersion 
(ID=(n-1)s
2
/ x¯х  where n is the number of quadrats, s2 is the variance of quadrat counts 
and x¯ х  is the mean of quadrat counts; Hoel 1943) was used in our analysis. A high ID 
indicates that the distribution is clustered whereas a low ID indicates that it is hyper-
dispersed. For each aviary layout, three distributions were selected: those with the 
highest, the average and the lowest ID of approximately the same average height 
 9 
(Table 1).  The distributions were named ID1, ID2 and ID3 where ID1 was the most 
hyper-dispersed and ID3 was the most clustered distribution of food. 
 
Data recorded 
We recorded the behaviour of the birds during the foraging sessions by collecting the 
following data: the location of any nuts found and the time when they were found, the 
location of any looks into holes or attempts to move the string cover and when this 
behaviour occurred, the location of where birds ate and the duration of 
eating/drinking, the flight path of the bird (by recording the perches visited), the 
location of any nuts hoarded or attempts to hoard and the time this occurred 
(applicable to coal tits only), and the location of any hoarded nuts that were retrieved 
or any attempts to retrieve these hoarded nuts and the time this occurred (applicable to 
coal tits only). 
If any coal tit hoarded food during the foraging session and did not retrieve all 
of it by the end of the session, it was given an additional session to retrieve all the 
remaining hoarded food.  This was to ensure that the memory of previously hoarded 
food did not disrupt future foraging sessions. 
 
Analysis 
We used the statistical package SPSS for Windows Version 14.0.0 in conjunction 
with Dytham (2003) for the statistical analysis.  We used repeated measures ANOVA 
to analyse the data with bird as the unit of analysis.  Age (adult vs. juvenile) and 
species (coal tit vs. great tit) were between-subject variables.  The within-bird 
variables used differed across tests but included ID, aviary layout, actual distances 
(calculated from real data) vs. expected distances (calculated from all possible 
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distances), and number of nuts found.  The distributions of residuals from every 
analysis were examined and found not to be distributed significantly different from a 
normal distribution. Results were considered significant if P < 0.05.   
 
Results 
Foraging efficiency in different food distributions 
There was no difference in the number of inspections made by great tits and coal tits 
(F = 0.005, df = 1,16, P = 0.947) but there was an interaction between aviary layout 
and species (F = 9.608, df = 1,16,  P = 0.007).  Great tits made more looks than coal 
tits in aviary layout 1 (F = 5.198, df = 1,16, P = 0.037), but not in aviary layout 2 (F = 
3.249, df = 1,16,  P = 0.09).  The birds made on average fewer total looks in the most 
clustered distribution (ID3: 100 looks) than in the middle (ID2: 116 looks), or the 
most hyper-dispersed (ID1: 117 looks) distributions (F = 5.096, df = 2,15, P = 0.020; 
LSD post-hoc tests: ID1 vs. ID2: P = 0.933; ID2 vs. ID3: P = 0.012; ID1 vs. ID3: P = 
0.044).  Juveniles of both species made on average more looks (131 looks) than adults 
(91 looks) (F = 9.662, df = 1,16, P = 0.007).     
To assess the foraging efficiency of the birds, we analyzed the number of nuts 
that were found in the first 30 looks.  The more clustered the distribution the higher 
the number of nuts found (F = 64.398, df = 2,32, P < 0.001; LSD post-hoc tests: ID1 
vs. ID2: P < 0.001; ID2 vs. ID3: P < 0.001; ID1 vs. ID3: P < 0.001; Fig. 1).  Birds 
found an average of 3.4, 4.8 and 6.6 nuts in ID1, ID2 and ID3 respectively.  There 
were no differences between the species (F = 2.172, df= 1,16, P = 0.160) or the age 
categories (F = 0.398, df = 1,16, P = 0.537). 
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Searching strategies used by the birds 
We calculated the distances the birds travelled between successive looks to evaluate 
local search patterns.  The distributions of these distances were positively skewed for 
each bird (mean skewness across all birds: 0.837 + 0.057 (SEM)), with peaks between 
20 and 40 cm (Fig. 2a).  We therefore calculated the median distance travelled for 
each bird.  The mean median distance across all birds was 66.06 cm + 3.46 cm 
(SEM), which was significantly lower than the median distance if the birds had 
moved randomly (145.21 cm; one-sample t-test: T = 22.88, df = 19, P < 0.001; Fig. 
2b, c) The median distances between successive looks were greater for the coal tits 
than for great tits (T = 3.058, df = 18, P = 0.007; Fig. 2c).  
To determine whether an area-restricted search (characterised by a high degree 
of turning and a small foraging area when food is discovered; Tinbergen et al. 1967) 
was triggered by the discovery of a food item, we calculated the distance between 
successive looks after a nut was found:  between the site in which the nut was found 
and the next site the bird looked in (look 1 in Fig. 3), between the first look after a 
success and the second look (look 2 in Fig. 3), between the second look and the third 
look etc.  If finding food triggers an area-restricted search, the distance between initial 
looks should be less than that between later looks.  In this analysis, the distances 
calculated were limited to the first 8 looks after finding a nut, because often the next 
nut was found after 8 looks.  Three birds did not find a sufficient number of nuts in 
some of the foraging sessions to conduct the analyses and were therefore excluded 
from this analysis.  There were no significant species differences in the distances 
moved between looks (F = 3.702, df = 1,15, P = 0.074), nor were there differences 
based on which distribution the birds were foraging on (F = 0.947, df = 2,14, P = 
0.412).  The mean distance moved immediately after successfully finding a nut was 
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longer than most of the subsequent moves, with the second move being the shortest (F 
= 6.568, df = 7,9, P = 0.006; LSD post-hoc tests; Fig. 3).  Closer scrutiny of the data 
suggested that this could be due to the coal tits moving further away when hoarding a 
nut than when eating it.  Indeed, when we exclude those trials on which the coal tits 
hoarded the nuts they found, there is no significant difference between the distance 
travelled immediately after finding a nut, and the next 7 distances travelled (F = 
1.137, df = 7,9, P = 0.419; Fig. 3).   
 
The change in ID with food item discovery 
We calculated the change in Index of Dispersion (ID) after 5 nuts had been removed 
by the birds.  Again, three birds were excluded from this analysis because they did not 
find five nuts in all of their trials.  The pattern of change in ID significantly depends 
on the initial distribution (F = 56.289, df = 2,11, P < 0.001).  When the initial 
distribution was more dispersed, the distribution becomes slightly (but significantly) 
more clustered (ID1: an average increase in ID of 1.58 + 0.57 (SEM)), whereas when 
the original distribution was more clustered, it became significantly more dispersed 
(ID2: an average decrease in ID of -6.38 + 1.14 (SEM); ID3: an average decrease in 
ID of -16.20 + 1.51 (SEM); Fig. 4).  There were no species differences in this pattern 
(F = 0.031, df = 1,12, P = 0.863). 
 
Discussion 
Main findings 
These results indicate that the more hyper-dispersed a cache distribution is, the more 
it reduces cache loss.  Both species foraged more efficiently on ‘more clustered’ 
random distributions than on ‘more hyper-dispersed’ random distributions.  This is 
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consistent with previous studies that have considered the effect of food distribution on 
the disappearance of artificial caches in a woodland habitat (Male and Smulders 
2007a), and on the foraging of fish (Ivlev 1961, Emlen 1973), cattle (Laca 1998) and 
ants and rodents (Reichman and Oberstein 1977, Reichman 1979).  In particular, this 
study, in combination with our field study (Male and Smulders 2007a), shows that a 
hyper-dispersed distribution reduces cache loss when either birds or rodents are the 
major foragers, indicating that they have similar foraging strategies. 
 Juvenile birds looked in more locations than the adults.  The foraging tactics 
of the juveniles, however, were not more efficient than those used by the adults, as 
they found similar numbers of nuts in the first 30 looks.  The age group difference 
may be because there is a tendency for the juveniles to forage more, because in 
natural conditions, they are forced to use sub-optimal foraging locations due to intra-
specific competition with the dominant adults (Ekman and Lilliendahl 1993, Clark 
and Ekman 1995).  In one aviary lay-out, the great tits foraged more intensely than the 
coal tits.  This species difference in foraging motivation may be because the great tits 
were food deprived for longer so they may have been hungrier than the coal tits.  
Alternatively, when food was available, the great tits may have increased their 
foraging effort because they generally perceive food as more unpredictable than coal 
tits, because coal tits hoard food which effectively buffers fluctuations in food 
availability (McNamara et al. 1990, Brodin 2000).   
Both species tended to search in neighbouring foraging locations.  The average 
distance between foraging locations (approximately 28 cm) corresponded with the 
peak in the distribution of distances between successive looks (between 20 cm and 40 
cm).  Although the birds were searching in neighbouring sites, there was no evidence 
that they used an area-restricted search because the distance between initial looks after 
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finding a nut was not different from the distance between later looks.  We predict that 
coal tits and great tits probably use area-restricted searching tactics in natural 
conditions as these tactics have been recorded in other bird species (Smith and 
Dawkins 1971, Smith 1974b, a, Smith and Sweatman 1974, Dall and Cuthill 1997).  
In the laboratory, however, area-restricted searches were not detected probably due to 
the size of the experimental aviary and the limited number of discrete food locations.  
These birds searched systematically in neighbouring sites in general so it was not 
possible for search distances to decrease when food was found.  Finally, the birds in 
this study did not use flexible searching strategies, although these have been recorded 
in other species (Carter and Real 1997, Dall and Cuthill 1997, Dall et al. 1997, Hill et 
al. 2000, Richards and De Roos 2001, Hill et al. 2002, 2003).  This does not illustrate 
that great tits and coal tits are not capable of adapting their searching tactics because 
these birds experienced different distributions consecutively and therefore may not 
have had sufficient experience or time to adapt their strategies. 
 
Implications for hoarding  
This study indicates that hoarders should hyper-disperse their caches because this 
reduces cache loss.  Clearly, there are limitations to this study as the foraging 
analysed in the experimental aviary was on a considerably smaller scale, both 
spatially and temporally, than it would be in hoarders’ natural home ranges.  It may 
also be criticised because the foraging behaviour of only two species of bird was 
examined and a wide range of foragers, such as rodents and insects, pilfer hoarders’ 
caches in the wild.  However, our field study (Male and Smulders 2007a) 
demonstrates that a hyper-dispersed distribution also reduced cache loss on a larger 
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scale in woodland when exposed to a number of foragers.  Therefore, these data, in 
conjunction with our field data, provide evidence that a hyper-dispersed distribution 
reduces cache loss.  
There is evidence that some scatter-hoarders attempt to generate hyper-
dispersed cache distributions (Shettleworth and Krebs 1982, Waite and Reeves 1994, 
Jokinen and Suhonen 1995).  How do they achieve this? We suggest that there are two 
potential ways that a hoarder could generate hyper-dispersed distributions of caches. 
Our field data (Male and Smulders 2007a) suggest that hoarders do not necessarily 
have to generate a hyper-dispersed distribution in the first place because it is 
gradually produced naturally by initial cache loss from clustered areas of the 
distribution.  Theoretically, provided a hoarder generates a large enough number of 
caches, clustered sections would be removed by some exposure to foragers and the 
resulting distribution would be more hyper-dispersed and therefore reduce long-term 
loss of the remaining caches. The data here support this to some extent because the 
more clustered random distributions became more hyper-dispersed as some nuts were 
removed.  The time and energy spent hoarding the food which is lost to pilferers 
would likely be a high cost to adopting this strategy, however.  
Alternatively, the use of a spatial memory during hoarding would enable a 
hoarder to generate a hyper-dispersed distribution from the start.  If the hoarder could 
remember where previous caches had been hoarded (Smulders and Dhondt 1997, 
Smulders 1998), it could disperse subsequent caches away from existing ones.  
Indeed, we have found that coal tits avoid caching too close to existing cache sites, 
and that they use memory to achieve this (Male and Smulders 2007c).  The enhanced 
memory necessary to remember the locations of previously hoarded items would be 
the cost of hyper-dispersing caches in this manner.  Whichever the mechanism 
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involved, it is unlikely that the real distribution in the field can ever be completely 
uniform.  This is because, in reality, the distribution is likely to be constrained by the 
original food sources, available cache sites and by the movements of the birds.  
However, our data suggest that any reduction in the level of clustering will be 
beneficial to the long-term survival of the caches. 
If hyper-dispersing caches reduces the odds of finding them, then how do 
scatter-hoarders recover these cache distributions themselves?  It is possible that they 
adjust their foraging strategies to increase cache recovery.  However, the data from 
this experiment showed that there was no difference in the foraging efficiency 
between the coal tits (a hoarding species) and great tits (a non-hoarding species) in the 
different food distributions.  This suggests that the coal tits are not somehow adapted 
to foraging on hyper-dispersed distributions.  It is likely that they use alternative 
strategies to enhance cache recovery, such as memory in the short-term and specific 
hoarding and foraging niches in the long-term (Brodin and Kunz 1997, Male and 
Smulders 2007b). 
 
Conclusion 
In conclusion, this study suggests that a hyper-dispersed distribution reduces the 
foraging efficiency of great tits and coal tits because they use local search strategies.  
This indicates that hyper-dispersed cache distributions could be used by hoarders to 
reduce cache pilferage.   
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Table 1: The Index of Dispersion (ID) and average height of all the distributions in 
the two aviary layouts 
 
Aviary 
layout 
ID1 ID2 ID3 
ID Height 
(cm) 
ID Height 
(cm) 
ID Height 
(cm) 
       
1 8 194.13 25.5 188.42 45.4 197.25 
2 12 174.71 24 184.19 39 179.55 
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Fig. 1: The mean number of correct looks (out of 12 nuts to be found) over the first 30 
looks for both species foraging in the different distributions.   Both species found 
significantly more nuts, the more clustered the distributions were (ID3 > ID2 > ID1). 
Open symbols represent coal tits, and closed symbols represent great tits. 
 
Fig. 2: The distributions of distances between successive looks (cm) for all the birds 
combined: the actual distances (a) and the expected distances (b).  Actual median 
distances across all birds were significantly shorter than expected by random 
movement (horizontal line) and coal tit distances were significantly higher than great 
tit distances (c).   
 
Fig. 3: The average distance between successive looks from the site in which a nut 
was discovered and the first look to the seventh and eighth look.  There was a higher 
distance between the nut site and the first look than between subsequent looks (open 
symbols), but this difference disappeared when the trials in which the coal tits 
hoarded the nut were removed (closed symbols).  Error bars indicate SE of the mean. 
 
Fig. 4: The change in ID of the food distribution as successive food items were found 
by the foraging birds.  The ID increased (i.e. the distribution became more clustered) 
as successive food items were found in the most hyper-dispersed distribution (ID1).  
In the more clustered distributions (ID2 and ID3), the ID decreased (i.e. the 
distribution became more hyper-dispersed) as successive food items were found.  
Error bars indicate SE of the mean.  Data from great tits and coal tits are combined. 
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